The subfraction of extracellular vesicles, called exosomes, transfers biological molecular information not only between cells but also between tissues and organs as nanolevel signals. Owing to their unique properties such that they contain several RNA species and proteins implicated in kidney development, exosomes are putative candidates to serve as developmental programming units in embryonic induction and tissue interactions. We used the mammalian metanephric kidney and its nephron-forming mesenchyme containing the nephron progenitor/stem cells as a model to investigate if secreted exosomes could serve as a novel type of inductive signal in a process defined as embryonic induction that controls organogenesis. As judged by several characteristic criteria, exosomes were enriched and purified from a cell line derived from embryonic kidney ureteric bud (UB) and from primary embryonic kidney UB cells, respectively. The cargo of the UB-derived exosomes was analysed by qPCR and proteomics. Several miRNA species that play a role in Wnt pathways and enrichment of proteins involved in pathways regulating the organization of the extracellular matrix as well as tissue homeostasis were identified. When labelled with fluorescent dyes, the uptake of the exosomes by metanephric mesenchyme (MM) cells and the transfer of their cargo to the cells can be observed. Closer inspection revealed that besides entering the cytoplasm, the exosomes were competent to also reach the nucleus. Furthermore, fluorescently labelled exosomal RNA enters into the cytoplasm of the MM cells. Exposure of the embryonic kidney-derived exosomes to the whole MM in an ex vivo organ culture setting did not lead to an induction of nephrogenesis but had an impact on the overall organization of the tissue. We conclude that the exosomes provide a novel signalling system with an apparent role in secondary embryonic induction regulating organogenesis.
Introduction
Different cell types, mammalian and bacterial, secrete membrane-enclosed vesicles, called extracellular vesicles (EVs), into the extracellular space. They are subdivided into different subclasses, based on their size, such as microvesicles, 50-1000 nm, and exosomes, 30-120 nm. The term "exosomes" refers to those vesicles of endosomal origin. They can be found in a wide range of biological fluids, including blood, urine, sweat and saliva (reviewed by Raposo et al. [1] ). Over the last decade, EVs have been found to be more than just the "garbage bags" of the cell, bringing them into the spotlight of research.
EVs consist of a lipid bilayer, with incorporated transmembrane proteins, and a hydrophilic core containing proteins, mRNA, miRNA and signalling molecules [2] . They were found to play crucial roles in physiological processes, mediating communication, transmitting very specific information to their targets on an intercellular and system (humoral) levels. There is evidence that EVs derived from certain cells (e.g. mesenchymal stem cells (MSCs)) have regenerative and immunomodulatory properties [3] . Their properties make them especially interesting as possible new tools for a range of therapeutic applications.
Even though the putative role of EVs in processes ongoing in healthy cells such as during organ development remains in most aspects ambiguous, it is emerging that EVs influence many of the key signalling pathways involved in development [1] . Important signalling molecules such as several Wnts and Notch2 were found to be associated with EVs (summarized in [4] ). Gradilla and co-workers showed that the transport of the morphogen hedgehog (Hh) is important for proper spatially restricted signalling during development [5] . The involvement of EVs in the developmental signalling was recently reviewed [6] . EVs secreted by cells present in a mature kidney were identified by studying urine samples. It is known that proteins found in human urinary exosomes are specific to or enriched in given regions of the kidney [7] . Currently available data indicate that EVs may be involved in organogenesis and that kidney-derived vesicles may also impact cells of certain other organs [8] . Very recently, the involvement of exosomes secreted by the epithelium and mesenchyme of a developing tooth were shown to diffuse through the basement membrane and regulate cell differentiation and matrix synthesis. The epithelial exosomes induce mesenchymal cells to produce dentin sialoprotein, and the mesenchymal exosomes lead to the secretion of ameloblastin and amelogenenin by the epithelial cells [9] , processes essential for tooth development. There are, however, no data available on vesicles derived from healthy and/or embryonic kidney cells. Therefore, the putative ontogenesis roles of normal kidney-derived vesicles remain poorly understood. Kidney morphogenesis starts with the ureteric bud (UB) outgrowth from the Wolffian duct towards the MM. The MM secretes glial cell line-derived neurotrophic factor (GDNF) towards the UB, promoting its survival and growth via its c-Ret receptor. Once the UB reaches the MM, the MM cells return survival signals such as BMP7 and FGF2 [10, 11] . Indeed, without the reciprocal inductive signalling between the UB and the MM, the MM undergoes programmed cell death via apoptosis [10, 11] .
Besides the survival signals, the UB also secretes signals that induce the MM to undergo nephrogenesis, such as the Wnt ligands [12] [13] [14] , resulting in the development of the key functional kidney units -the nephrons [4] . While the UB is a natural MM nephrogenesis inducer, it can be removed and replaced by chemical activation of the Wnt pathway via the GSK-3 inhibitor (BIO) [15] in the process of renal organoid formation [16] .
In the Wnt-induced process of nephrogenesis, several steps are observed: the MM condensates around the UB tips and then forms pre-tubular aggregates; these cells deposit the basement membrane and form the epithelial structures of renal vesicles. Renal vesicles elongate to form comma-and S-shaped bodies that will generate the filtering unit, with the glomerulus at the proximal end, and connect with the collecting duct (derived from the UB origin) at the distal end [4, 16, 17] . The organoids are known as cellular aggregates containing more than one cell type typical for the organ they replicate [18] . Such organoids have successfully been constructed with the use of primary kidney cells [19] [20] [21] .
Here, we report the successful isolation and characterization of EVs in particular exosomes from a kidney cell line and primary embryonic kidney cells. We analysed their proteins and RNA cargo, and identified exosomes specific proteins (CD81) as well as proteins involved in pathways regulating cell structure and shape, and miRNAs involved in the regulation of Wnt signalling pathways. Furthermore, we studied the attraction of the EVs to and uptake by a mesenchymal cell line and primary cells in detail. Interestingly, we found that the vesicles not only enter the cell but also are targeted to the nucleus of the cell. Moreover, we have studied the transfer of exosomal RNA cargo. It can be primarily found in the cytoplasm and cellular vacuoles. Moreover, the incubation of vesicles with primary embryonic MM organoids indicates that the structure and organization of the cells as well as the MM cell survival are influenced by the vesicles. In summary, the current data suggest that besides growth factors [21] , exosomes play a novel but evolutionarily conserved role in the transmission of the secondary inductive interactions that control organogenesis.
Material and methods

Mouse lines, dissection of embryonic kidneys and generation of renal organoids
The animal care and experimental procedures in this study were in accordance with Finnish national legislation on the use of laboratory animals, the European Convention for the protection of vertebrate animals used for experimental and other scientific purposes (ETS 123), and the EU Directive 86/609/EEC.
The embryos were obtained from pregnant wildtype CD-1 mice. The metanephric kidneys were dissected from E11.5 mouse embryos in chilled Dulbecco's phosphate-buffered saline (PBS) buffer (Sigma). Following a 30 s incubation in pancreatin (Sigma)/trypsin (Sigma) (1.125%/2.25%) solution, the MM was separated from the UB. A few mesenchymes were placed together and re-aggregated by centrifugation (1380 × g for 5 min) in the presence of exosomefree Dulbecco's Modified Eagle Medium (DMEM): Nutrient Mixture F-12 (DMEM/F12) (Sigma) supplemented with 10% fetal bovine serum (FBS, HyClone) (produced according to [22] ), 100 U mL −1 penicillin and 100 µg mL −1 streptomycin (Sigma) and cultured for 24 h in the same medium at 37°C in 5% CO 2 . The positive control samples were incubated either with transient exposure to 0.35 µL mL −1 BIO (GSK-3 inhibitor) [15] or with natural MM inducer: primary UB (pUB) treated with hrGDNF (RD Systems) as previously described [19] or with UBtip cell line [23] .
The negative control samples were the MM without any type of inducer, while the experimental samples were co-incubated with exosomes isolated from UBtip cell line or conditioned medium (CM) from pUB cultures (see protocol below). On the next day, samples were transferred into Trowel-type culture conditions [24] and cultured for 24-48 h.
Cell culture
The UBtip [23] and mK4 cell lines [25] were maintained in DMEM/F12 supplemented with 10% FBS, 100 U mL −1 penicillin and 100 µg mL −1 streptomycin and incubated at 37°C in 5% CO 2 . The cell line tested negative for mycoplasma contamination using the EZ-PCR mycoplasma test kit (Biological Industries). EVfree medium was prepared according to the protocol by Théry et al. [22] . The primary UBs were dissected from the kidneys of E11.5 mice embryos (CD-1) by trypsinization. Dissection was performed in EV-free medium supplemented with 10% FBS, 10 ng µl −1 GNDF (RD Systems) and 5 µM ROCK inhibitor (Y-27,632, Sigma) for the first 24 h. After that time, the cells were prepared for vesicle production by cultivation in EV-free medium, DMEM/F12 supplemented with 1% FBS, GDNF and Rock inhibitor.
Preparation of CM containing vesicles
CM was prepared from a mean of 1 × 10 8 UBtip cells grown at 90-95% confluency in cell-culture dishes (Greiner, Cellstar (#639,160)) or pUBs grown in similar conditions. Cell cultures were washed twice with 1× PBS before a 24 h incubation with 25 mL EV-free medium [22] at 37°C in 5% CO 2 . EV-free medium is DMEM/F12 supplemented with 1 or 10% FBS. The medium was prepared according to Witwer et al. 2006 [26] as a 20% stock solution as follows: DMEM/ F12 supplemented with 20% FBS is centrifuged for 24 h at 100 000 g and subsequently diluted out (to contain 1 or 10% FBS) and filtered through a 0.2 µm filter (Whatman). Residual EV contamination was not found, since no EV markers were found when applied to a Western blot as a control. Following the collection of the CM, cell cultures were trypsinized, the cells were counted, and cell viability was measured on an Automatic Cell Counter (BioRad) using a 0.1% trypan blue exclusion test.
The CM from pUB cells was harvested after 24-48 h of cell culture. Subsequently it was concentrated by filtration (Amicon Ultra, Millipore, 100K filters) from 5 mL to 350 µL, and stored at −20°C until usage.
OptiPrep™ density gradient centrifugationexosome purification A discontinuous iodixanol gradient was used as described earlier [27] with some modifications. OptiPrep™ density gradient (Sigma) was formed by layering 2.5 mL of 40%, 2.5 mL of 20%, 2. [28, 29] . All p-values less than 10 -5 after Bonferroni correction were considered to be significant. Settings were chosen as previously published [30] . Pathway overview visualization was performed using the Reactome Pathway Analysis Tool (www.reactome. org). Venn diagrams were prepared using FunRich (version 3.0) [31] .
RNA cargo analysis
Exosomal samples and UBtip cells were lysed in Qiazol (Qiagen), extracted with Chloroform (Sigma) and purified using miniElute columns (Qiagen). The RNA was eluted into nuclease-free water and stored at −70°C until needed. The RNA concentration, quality and size were measured using picoRNA Kit BioAnalyser (Agilent) and followed by cDNA synthesis (Exiqon). cDNA was diluted 40× and used in a custom-designed qPCR miRNA plate using SybrGreen (Exiqon). The PCR was performed on a BioRad CFX96 machine, and we followed specific protocols for the chosen primer qPCR set-up. The miRNA targets were chosen based on their role in the Wnt/β-catenin pathway [32] and on sequencing data (high number of repeats) of exosomal samples derived from human urine [33] .
Immunoelectron microscopy
The immunoelectron microscopy was performed as published earlier [27] using the anti-CD63 antibody as a primary antibody at a 1:50 dilution. Vesicles were deposited on a Formvar carbonated grid (glow-discharged). The grids were incubated in blocking serum (1% BSA (bovine serum albumin) in PBS). Afterwards, the grids were incubated for 20 min with the primary anti-CD63 antibody, followed by the secondary antibody (anti-mouse IgG, Zymed, San Francisco, CA) for 20 min and finally the protein A-gold complex (PAG 10 nm) for 20 min. All antibodies and gold-conjugates were diluted in 1% BSA in 1× PBS. As a control of the efficacy of the blocking, a labelling procedure without the primary antibody was prepared. Finally, the grids were stained with neutral uranylacetate and embedded in methylcellulose/uranyl acetate. Samples were examined using the Tecnai G2 Spirit transmission electron microscope (FEI, Eindhoven, The Netherlands), and images were captured with a charge-coupled device camera (Quemesa, Olympus Soft Imaging Solutions GMBH, Münster, Germany).
Nanoparticle tracking analysis
Nanoparticle tracking analysis (NTA) was performed using a NanoSight NS300 (NanoSight Ltd, Amesbury, UK) equipped with a 405 nm laser. At least three 40 s videos were recorded for each sample with camera level and detection threshold set at 13. Temperature was monitored throughout the measurements. Videos recorded for each sample were analysed with NTA software version 3.1 (build 3.1.46) to determine the concentration and size of measured particles with the corresponding standard error. For analysis, auto settings were used for blur, minimum track length and minimum expected particle size. Double-distilled H 2 O was used to dilute the starting material.
Exosome uptake and migration
Following purification, exosomes were labelled with CellVue Claret Far Red (Sigma-Aldrich) according to the manufacturer's instructions. The stained vesicles were washed three times in 1× PBS to remove excess staining. As a control, an equal volume of 1× PBS was used, which was prepared in the same way as the actual exosome samples. The interaction of the exosomes with cells was visualized using confocal microscopy (Zeiss LSM 780, Carl Zeiss, Germany). Cells were cultured overnight (mK4) or for 4-6 h (pMM) to allow cell attachment before adding exosomes. The labelled exosomes were added to the cell culture of either the mK4 cell line or pMM cells at a concentration of 1 × 10-12 ± 4.3 × 10 10 vesicles mL −1 . In order to visualize the cellular body, the cells were labelled green with live-cell dye CellTracker CMFDA (Thermo Scientific), according to the manufacturer's instructions, and the cellular nuclei were stained with DAPI (1:1000; Thermo Scientific). The imaging was performed on a Zeiss LSM 780 confocal microscope using time-lapse technology as well as still images (Zeiss Plan-Apochromat 40×/ 1.4 or Zeiss i Plan Apochromat 63×/1.4 objectives).
Labelling of exosomal cargo
The RNA cargo of purified exosomes was labelled with the ExoGlow kit (Systems Biosciences; Mountain View, CA) according to the manufacturer's instructions. Labelled exosomes were added at a concentration of 4 × 10 11 ± 1.7 × 10 10 vesicles mL −1 to the cell culture of mK4 cell line or pMM cells. Cells were washed with 1× PBS and fixed with 1× PFA (paraformaldehyde) 2 h and 24 h after adding vesicles. The imaging was performed using a Zeiss LSM 780 confocal microscope taking still images, as the ExoGlow stain is an acridine orange-based dye, which is phototoxic to cells, and long-term time-lapse imaging is not possible.
Statistical analysis
Exosome uptake and migration The samples were imaged using a Zeiss 780 confocal microscope. Z-stack images at 40× objective were superimposed using maximum intensity projection using ZEN software, and 10 images per sample were analysed; the total number of cells vs. cells containing exosomes were counted and turned into percentage. Zero was determined in terms of time, just before the exosomes were added. As a control, a 1× PBS sample that had been prepared in exactly the same way as the actual exosome sample was added to the culture in identical quantity.
Co-localization analysis
Confocal Z-stack images were deconvolved using Huygens Professional software (Scientific Volume Imaging, Hilversum, Netherlands). Classical maximum likelihood estimation-based intensity preserving deconvolution was used to reduce noise, background, out-of-focus signal and spherical aberrations, and to improve contrast (signal-to-noise and signal-to-background ratios) and resolution in the restored images. Deconvolution was implemented to improve 3D colocalization analysis of nuclear DAPI staining and exosome CellVue staining. Voxel-based co-localization analysis of DAPI and CellVue signals was performed using BioImageXD software [34] . Automatic threshold calculation was not suitable for sparse CellVue signals, constant manual thresholds were set for all analysed time points and samples, and 10 Costes iteration rounds were run for p-value approximations [35] . The number of non-zero voxels, voxels above intensity thresholds, co-localized voxels, percentage of co-localized voxels and Manders co-localization coefficients were calculated and analysed.
Results and discussion
Characterization of EVs from kidney cells
In order to determine if embryonic kidney-derived cells would secrete exosomes, we first aimed to isolate EVs from an immortalized kidney UB cell line (UBtip) and thereafter from primary UB cells (pUB) isolated from mouse embryonic kidney. These samples were subjected to gradient purification and/or filtration to obtain the exosomal fraction.
Detailed characterization of obtained exosomes revealed that they could be indeed purified from these sources of embryonic kidney. The exosomes from the UBtip cell line were 30-120 nm in diameter and partially labelled with a CD63 antibody (common exosomal marker) as analysed by immunoelectron microscopy (IEM; Figure 1(a,b) ). To minimize contaminants, possibly derived from cell organelles of non-endosomal origin or alternatively representing protein aggregates co-sedimenting with the exosomes during ultracentrifugation, the vesicles were isolated from CM by filtration followed by an iodixanol (OptiPrep) density gradient [27] .
The generated OptiPrep gradient fractions were analysed by Western blot for CD81-positive fractions. Three consecutive fractions (F5 to F7, Figure 1 (c)) were found to contain CD81, in line with what has been reported for exosomes released by other cell types [27] . The pooled vesicles had an average density of 1.07 g ml −1 (Figure 1(c) ). These data are in agreement with values reported on exosome densities in other cell types [36] . Combined, the data indicate that the embryonic kidney-derived exosomal fraction consists mostly of a homogenous population of vesicles with features of exosomes. The properties of the embryonic kidney-derived exosomes were analysed further with Western blotting. This analysis revealed enrichment for those exosomal components that have been shown to be typical biomarkers such as Alix, CD63 and Tsg101. The exosomes preparations in this study failed to reveal the presence of contaminating cell organelles, apoptotic bodies or extracellular proteins. This conclusion is based on the fact that, for example, no calreticulin or Ago2 as opposed to total lysate were detected in the exosomal fractions (Figure 1(d) ).
The number of vesicles in the sample was determined by NTA. On average 4.08 × 10 11 ± 1.7 × 10 10 particles mL −1 CM, and around 125 µg mL −1 total protein was isolated by filtration and density gradient. Additionally, we dissected the natural kidney tubule inductive tissue, the primary UB (pUB) from mouse embryos at E11.5. At this stage, the UB has entered the embryonic kidney MM and made its first branch. Collectively, 3000-4000 cells per UB were cultured in vesicle-free medium for 24-48 h, after which the CM was harvested, and the EVs were enriched by filtration.
Consistent with the conclusion that the pUB cells in vivo secrete exosomes, HSC70 protein, a common exosomal marker, was detected on Western blot (data not shown). Moreover, electron microscopic depiction highlighted vesicles around the size of the exosomes, namely 70-100 nm in diameter. Such pUB-derived vesicles had a cup-shaped morphology typical for exosomes (Figure 1(b) ).
Proteomics was performed to analyse the exosomal protein cargo in more detail. The protein cargo of UBtip cell line-derived exosomes was compared with the proteins of the cells of origin. The data are summarized in Figure 2 (a-c) and fully described in Supplementary Tables 1 and 2 . Altogether, 127 proteins were found in both sets (UBtip cell line and exosomes) whereas 67 proteins were unique to the exosomes (Figure 2(a) ) The unique proteins comprised exosomal markers such as HSP70, CD81 and, more interestingly, proteins of the extracellular matrix (laminins) and growth factors (TGF beta). We used DAVID to identify statistically significant overrepresented gene ontology (GO) terms (Figure 2(b) ) in the exosomal cargo proteins. They were enriched for cellular components typically associated with exosomal samples: extracellular vesicle, extracellular region, membrane and vesicle [30] . Furthermore, cellular components associated with protein binding, focal adhesion, extracellular matrix, cadherin binding involved in cell-cell adhesion, cell-cell adherence junction and structural molecule activity were enriched, many of which are involved in regulating cell shape and maintaining tissue integrity. Furthermore, the reactome pathway clustering analysis (Figure 2(c) ) showed that proteins in the exosomal cargo were enriched for pathways associated with developmental biology, signal transduction, cellto-cell communication and, more importantly and in contrast to the proteins from the UBtip cell line, extracellular matrix organization (Figure 2(c) , Supplemetal Figure 1) .
The RNA cargo of the exosomes derived from the UBtip cell line was analysed by qPCR with targets chosen relevant to kidney development induction (Wnt/β-catenin pathway) and previously reported to be found in exosome samples from human urine [33] ( Figure 3(a-f) ). We found that, when compared with the UBtip cells (cells of origin) the exosomes carry a larger amount of miRNA; also, ribosomal RNA was detected in the exosomal cargo (data not shown).
Our analysis depicted certain miRNAs upregulated in exosomes, known to negatively regulate the Wnt A functional enrichment analysis of the exosomal proteins was performed using DAVID [28, 29] . Percentages of proteins relative to the total number of proteins in the category of GO terms are shown. To minimize redundancy of general GO terms, GO FAT was used. Only categories with enrichment greater than 5.5% are shown. (c) Pathway clustering analysis. Enrichment of proteins in certain pathways was visualized using the Reactome Pathway Analysis Tool (www.reactome.org). Significant differences in enrichment compared with proteins from the UBtip cell line were highlighted with a box and represent extracellular matrix proteins.
pathway and included those miRNAs (miR-375) that target the extracellular domains of Frizzled involved in the Wnt signalling pathway and also directly blocking the binding of the Wnts to Frizzled (miR-21) [32] ( Figure 3(a,d) ). In addition to these, many miRNAs positively regulating the Wnt pathway were also found in the exosomal cargo (Figure 3(b,e) ). These miRNA species are known to function in the cytoplasm influencing the "destruction complex" composed of the APC, Axin, GSK3β and CK1α (miR-27a/b, miR-135a/b, miR-155, miR-499). Action of these miRNAs leads to nuclear accumulation of β-catenin and the activation of various targets of the Wnt/β-catenin pathway [32] . Furthermore, we chose miRNA on the basis of many reads found in sequencing data from the analysis of exosomes from human urine samples [33] (Figure 3(c,  f) ). In contrast to the UBtip cell line, the UBtip-derived exosomes showed two highly upregulated miRNAs, namely miR-141-3p and let-7b-5p, which are known to inhibit cell proliferation [37, 38] . However, when considering the specific cargo of the UBtip-derived exosomes, we found that many negative regulators of the Wnt pathway are actually downregulated leaving only miR-126-3p upregulated. The miR-126-3p is acting in the extracellular space by inhibiting the LRP receptor, and in the cytoplasm by activating GSK3β disabling the transport of β-catenin into the nucleus [32] . UBtip-derived exosomal cargo also contained miR-27b and miR-135a, both of which positively regulate the Wnt pathway [32] , and miR-20a-5p and miR30e-5p, which are known to regulate cell proliferation and invasiveness of various cancers [39, 40] ; and to increase cell survival via the Wnt pathway [41] .
Vesicle migration and uptake
Given the fact that the exosomes can be identified from the embryonic kidney-derived primary cells and corresponding immortalized cells, we wanted to determine if the UB-derived exosomes (UB-Exosomes) had the capacity to interact with MM derived cells, namely the mK4 cell line cells but also with the pMM cells. Thus, the purified UBtip-derived exosomes were fluorescently labelled and co-incubated with these cells (Figure 4) .
We found that the labelled exosomes not only interacted with the MM cells but also were internalized during the culture, as shown by analysing the superimposed Z-stack projections of the confocal microscopy images (Figure 4(a,b) ) and time-lapse images (Supplementary Movie 1) . When judging the obtained data, it should be considered that fluorescence microscopy has its limitations in resolution in the range of 390-700 nm wavelengths [42] . This is important, since exosomes are commonly 30-120 nm in diameter. Small particles like this have a limited number of fluorophores that are not bright enough to cross the detection threshold. Thus, due to these current technical limitations, only clusters of fluorescent vesicles can be observed, and a super-resolution microscopic analysis would be necessary to illustrate the exosomal uptake in more detail. [33] . (d-f) Graphs presenting the exosomal miRNAs cargo normalized to housekeeping genes (SNORD65 and SNORD110). (d) miRNA found to negatively regulate Wnt pathway, (e) miRNA found to positively regulate Wnt pathway, (f) miRNA previously also identified in exosomes from human urine samples [33] .
The first signs of cellular uptake of the UB-derived exosomes by the mK4 cells were observed around 80 min of co-culture (Supplementary Figure 2A) . It is worth noting that not all the cells internalized the labelled exosomes. The uptake of exosomes by pMM cells appeared to require a longer incubation period, since the first internalized exosomes were observed only after 140 min of co-culture. However, after 6 h of co-culture, both the mK4 and the pMM cells had internalized many vesicles (Figure 4 ; Supplementary Figure 2A and B) . Moreover, Supplementary Movie 1 presents the process of exosomes uptake by the pMM cells over time. At the beginning of the movie, one can observe that the clusters of exosomes are suspended and floating in the medium, and as the coculture time progresses, an increasing number of exosomes can be seen to be internalized by the pMM cells, localized at their "basolateral" side. The successful internalization of exosomes is very evident as the exosomes follow the cell movement around the culture dish (Supplementary Movie 1) .
Thus, cellular uptake of the vesicles appeared to be nonlinear. In other words, it can be observed that during the first hours of co-culture, several cells had internalized many vesicles (Figure 4(a,b) , asterisk), but exosome-negative cells were found in direct proximity to these exosome-positive cells (Figure 4(a,b) , arrowheads). Strikingly, continued co-culture of the exosomes with the cells increased the number of exosome-positive cells, and at the time point of 24 h, most pMM cells and all of the mK4 cells had taken up vesicles (Figure 4(c) ). Thus, the UBtip-derived exosomes are competent to enter the corresponding cells, which suggests uptake mechanisms such as phagocytosis, endocytosis and macropinocytosis are involved in exosome uptake [42] . The embryonic kidney-associated models provide systems to further elucidate the type of exosome entry into the cells by applying chemicals that inhibit specific endocytic pathways involved or by using specific antibodies to inhibit receptor-ligand interactions.
While the uptake of exosomes by the mK4 cell line cells and the pMM cells is apparent (Figure 4) , we went on to localize them more precisely within the cells. To address this question, immuno-fluorescence microscopy images were recorded as z-stacks to illustrate the spatial location of the vesicles within the cells.
These studies showed that after their entry into the embryonic kidney cells, the exosomes become polarized as they accumulated at the "basolateral cellular side" facing the site adhering to the bottom of the dish. The mechanism that directs the localization of the exosomes inside the cells and their putative intracellular molecular control is just starting to be characterized. Cellular transmembrane adhesion molecules are important to cell adhesion, morphology and migration [43] . It is well known that they play an essential role in tissue repair, with cell-surface interactions contributing to cell survival, growth, differentiation and multicellular structures. Intercellular adhesion molecules such as ICAM1, P-selectin and others have been reported to be associated with exosomes [44] . The localization of the exosomes in the cells may also be considered in processes such as tissue repair via involvement of their cargo in processes such as cell survival, cell division and differentiation of multicellular structures [43] . Recently, it has been reported that exosomes from certain cell types induce adhesion molecules in target cells facilitating cell migration [45] . However, the high content of extracellular matrix proteins in UBtipderived exosomes, and their localization to the basal layer of cells, may suggest their role in extracellular matrix deposition in developing kidney.
Even though our analysis did not depict such miRNAs that are known to regulate Wnt/β-catenin pathway in the nucleus, it should be considered that some other miRNAs could act there via regulation of certain other target genes. It was therefore of interest to characterize the mechanisms by which exosomes deliver their cargo to the cytoplasm and the nucleus. Our results indicated that the vesicles did not remain in the cytoplasm, but also entered the nucleus (Figures 5 and 6 ). This conclusion is based on the finding that the amount of co-localized DAPI stained (cell nuclei) and CellVue stained voxels increased over time in the analysed Z-stack images (Supplementary Figure 3) . As a matter of fact, the number of DAPI positive nuclei and the intracellular exosomes in cells cultured for 4, 6 and 31 h increased notably (Supplementary Figure 3) . As an outgrowth of increased number of intracellular exosomes also the number of nuclear co-localized voxels increased from the mean value of 1236 voxels (4 h) and 1053 (6 h) voxels to 12 352 (31 h) co-localized voxels (p < 0.01, n = 10 images/time point) ( Figure 5(a) ). The relation of co-localized voxels to all voxels above thresholds increased in the DAPI signals as seen in the percentage of co-localized voxels and Manders co-localization coefficient value M1 (p < 0.001, n = 10) ( Figure 5(b) ) but not in the corresponding exosome signals ( Figure 5(c) ). Instead, the percentage of co-localized voxels and Manders co-localization coefficient M2 values decreased in time (4 h vs. 31 h, p < 0.05, n = 10). This means that a larger proportion of the nuclei were co-localized with exosomes after 31 h, but the proportional distribution of exosomes between the nuclei and the cytosol was not influenced by the time, and exosomes were not accumulated more into the nucleus than the surrounding cytosolic areas as also seen in Figure 5(d) .
For the pMM cells, the mean number of co-localized voxels above threshold was 1644 (n = 10) after 20 h of treatment (Figure 6(a) ). On average, 0.45% of the DAPI signal was co-localized with exosomes, and 10.9% of the exosome signal was co-localized with DAPI (n = 10) (Figure 6(b) ). Corresponding Manders colocalization coefficient values were 0.005 (M1) and 0.121 (M2) (Figure 6(c) ). Large-field view images show the appearance and accumulation of intracellular exosomes into pMM cells after 17 h of exposure time (Figure 6(e,f) ). These results clearly show the presence of exosomes inside the nucleus of the cells. The UBderived exosomes are specifically taken up by the cell line cells (mK4) and the primary MM cells (pMM).
In both cell types, the exosomes not only entered the cytoplasm but also, more interestingly, entered the nucleus. This is particularly important for the exosomes to have an impact on the phenotype of the recipient cell. Thus, they need to fuse either directly with the cell's plasma membrane or with the endosomal membranes after endocytic uptake to deliver their cargo, in particular RNA. For these reasons, we subsequently investigated if the RNA molecules, especially miRNAs, that are part of the exosomal cargo were transferred into the cytoplasm and the nucleus.
Exosomal cargo transfer of RNA
It is well known that EVs can transfer not only proteins but also different species of RNAs to target cells [2] . To study if the embryonic kidney UB-Exosomes transfer their RNA cargo to the MM cells, we labelled the exosomal RNA with the ExoGlow kit (SysBio). In this setting, the cells become fluorescent only upon exosome uptake and cargo release.
Our results showed that the RNA cargo enters the cytoplasm, the nucleus and also the cellular vacuoles. Our data on exosome uptake suggest that exosomes are taken up via processes such as endocytosis. However, the cargo-transfer experiments suggest that the exosomes likely fuse directly with the plasma membrane and also the endosomal membranes, releasing their content into the cell and its compartments. We conclude that the embryonic kidney cells have the competence to take up exosomes and their RNA cargo, pointing to several mechanisms of uptake requiring further investigation.
When analysing the signal intensity of the exosomal RNA transferred into the cells, an intensity increase can be observed in the mK4 cells and the pMM cells after 24 h of culture (Figures 7(a-g) and 8 ). The mK4 cells notably accumulated RNA already after 2 h of coculture whereas in the pMM cells, the signal after 2 h appeared weaker. However, after 24 h of co-cultivation, the RNA signal intensity became comparable between the mK4 cells and the pMM cells. This is in good relation to the observed uptake of exosomes, which was faster in the case of mK4 cells but presenting the same level at the end of experiment.
In the mK4 cells, the RNA signal was localized in the cytoplasm in a rather uniform way (Figure 7) , whereas in the pMM cells the RNA was detected in the cytoplasm and cytoplasmic vacuoles (Figure 8(d) , arrowheads). The signal in the vacuoles was only observed in the pMM cells, not in the mK4 cells. On average, the intensity of the RNA signal in the vacuoles was about twice as high as in the cytoplasm, and about 1.5 times as high as in the nucleus (data not shown).
The vacuoles provide specialized environments for various biochemical and biophysical processes. It is known that especially in mammalian embryonic tissues, vacuoles play an important role in tissue differentiation and patterning through the regulation of cellular signalling during organogenesis [46] . Therefore, it may not be unexpected to find the exosomal RNA accumulated in the vacuoles. Many of the vacuoles contain lysozymes, and their task is the degradation of the molecules [46] . Is this process comparable with a situation in vivo? Given that the fluorescence signal is much higher in the vacuoles of the primary cells (pMM) than in those of the immortalized cells (mK4) (both cell types were co-cultured with the same amount of exosomes), this suggests that it is comparable with an in vivo process. Primary MM cells may deal with an increased influx of RNA into the cell by partly directing it towards the vacuoles. What this means in terms of signal transduction through exosomal RNA, its downstream effects on the target cell and subsequently the developing kidney as a whole, requires further investigation.
Exosomes in nephrogenesis induction
Our results indicated that the exosomes and their RNA cargo enter the cytoplasm and the nucleus of the pMM cells. We also identified several miRNA species that are involved in regulating the Wnt/β-catenin pathway. We therefore wanted to determine if this may have some specific function, for example in the MM induction process triggering nephrogenesis. To study this, we generated renal organoids from pMM cells [47] . We were able to show that pMM and pUB separated by dissection and digestion can be recombined and will develop tubule-like structures if cultured over several days (Supplementary Figure 4A) . If the pUB was replaced by cells from the UBtip cell line used in this work, similar data were obtained (Supplementary Figure 4B) .
To investigate the potency of the UB-Exosomes (pUB and cell line) we co-cultured the pMM with exosomes in place of inducers. As can be seen in the positive control sample (Figure 9(a-d) ), induced to undergo tubulogenesis by BIO (Wnt pathway activator, inhibiting GSK3), the MM cells become organized into so-called pre-tubular aggregates. It is noteworthy that the nuclei of such cells appeared larger than those of the uninduced MM cells around them. In the negative control sample (Figure 9 (e-h)), where tubulogenesis was not experimentally activated in embryonic MM tissue, the cells failed to organize into structures, but were instead more randomly arranged and appeared apoptotic.
In the exosomes-induced organoids, small areas of cellular organization were noted at the edges of the organoids (Figure 9(i-l) , arrow), and their nuclei resembled those of positive controls in MM induced to form the pre-tubular cell aggregates. Advanced cellular organization could be observed in the embryonic kidney organoids induced with the pUB-derived vesicle enriched CM (Figure 9(m-p) ). These organoids presented a larger area of organized cells with nuclei similar to those of pre-tubular aggregates in the positive control sample. It is worth noting that in the culture conditions, we have omitted any addition of survival factors such as BMP7 and FGF2 [11] . Therefore, the effect of some structural arrangement of the cells within the organoids is due to the action of exosomes (UBtip-derived exosomes) or CM (pUBderived vesicles). The effect of pUB-derived vesicles appeared to be stronger, and may be due to the use of vesicles enriched CM instead of purified exosomes. This difference in the procedure was due to the very small size of the pUB tissue sample dissected from embryonic kidney.
Although the CM was concentrated and filtered (100 kDa cut-off) some inductive molecules that were secreted by the pUB cells could still be present in the medium, and the "induction" we observe is due to a combination of these factors and the exosomes. However, the CM was filtered and concentrated using 100 kDa filter units. Many signal molecules important in nephrogenesis (e.g. six2, pax2, bmp7, wnt5a) are larger than 100 kDa, and thus should have been removed from the sample prior to the addition of the vesicles to the pMM.
The MM when treated with exosomes did not become fully induced, and the nephrogenesis programme did not start. However, the exosome-treated MM pellets presented an obvious different cellular organization and also had notably less apoptotic cells when compared with the non-induced control. We speculate that this effect comes from the specific exosomal cargo, as the UBtip-derived exosomes contain many proteins related to tissue morphogenesis and homeostasis as discussed above and miRNAs upregulating the Wnt pathway and increasing cell survival. Moreover, miR-135a, which we found highly upregulated in the UBtip-derived exosomes (Figure 3(e) ), has already been shown to play an important role in activating the Wnt/β-catenin pathway in tooth mesenchyme differentiation [9] . In the renal MM, it may have the same effect, but this remains to be investigated in further detail. Given all these data, we speculate that the exosomes might be involved in early kidney tubule induction mediated by Wnt signalling. Together, the demonstrated embryonic kidney MM model provides an assay system to assess the detailed entry mechanisms and functions controlling and regulating kidney development.
Conclusions
In this study, we show for the first time the presence of exosomes and vesicles from an UBtip immortalized cell line and, even more interestingly, from primary embryonic UB cells. We were able to isolate and enrich vesicles, respectively. It needs to be mentioned that a clear limitation in working with embryonic organs is the low number of isolated primary cells and hence the low amount of EVs that can be obtained.
Our results show that exosomes obtained from immortalized cell lines are potent and give a first insight into the role of exosomes during nephrogenesis. They carry proteins that are important for the organization of the extracellular matrix, cell shape, tissue integrity and homeostasis as well as tissue morphogenesis. Furthermore, their cargo contains different miRNAs with regulatory properties influencing Wnt pathways. UB exosomes interact with MM cells through different ways of exosomal material transfer -exosomes as a whole enter the cell, and their RNA cargo is released into the cytoplasm. Furthermore, exosomes and their RNA cargo are transferred not only to the cytoplasm but also to the nucleus, which is of great importance in signal transduction and exertion of influence of the exosomes on the metabolism and phenotype of the target cells. Moreover, we showed for the first time the effect of exosomes on the initial stages of kidney development, where they increase cellular organization and apparently cell survival.
The embryonic kidney represents a classic model system that has been used to study the cellular and molecular mechanisms of cell and tissue interactions collectively named as a process of embryonic induction. Inductive interactions occur also later during organogenesis, and in the kidney, for example, these occur between epithelial and mesenchymal tissues [48] . Such molecules that mediate the embryonic inductive interactions and are involved in the associated pattern formation are called the morphogens [48, 49] . A wealth of data have been generated that indicate a role for several growth factors in the inductive cell and tissue interactions such as the FGFs, TGF beta/BMP, Hedgehog and Wnt signals [50, 51] but whether these serve as morphogens is still debatable. The identification of the exosomes and the data presented herein raise the possibility that the exosomes serve as a novel but apparently evolutionary ancient embryonic signalling system. The embryonic kidney model system derived data presented here confirm that indeed RNA species are transferred in association with the process of embryonic induction, being a universal mechanism in the coordination of morphogenesis. Thus, we can conclude that the exosomes provide a newly identified source of signalling with putative relevance to organogenesis. However, the mechanisms by which exosomes act in nephrogenesis remain to be investigated.
In the kidney, the key mechanism triggered by inductive signals is the process of nephrogenesis constructing the functional excretory unit of the kidney. The ex vivo and in vivo evidence indicates that in the embryonic kidney, the induction process involves Wnts, and they are sufficient to trigger the nephrogenesis developmental programme [12] . Indeed, the nephrogenesis process can also be induced with a small-molecule lithium chloride or BIO that serves downstream activators of the Wnt signalling pathway [15, 52, 53] . Based on our data, exosomes purified from the inductive UB failed to induce nephrogenesis. Such exosomes had however a notable effect on the MM. The failure of the exosomes to induce nephrogenesis may be their limited number or the mode by which they are presented to the competent metanephric mesenchymal target cells. In summary, the results presented in this study indicate that the embryonic induction process involves exosomes as a signalling system. 
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